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We present a highly sensitive and selective NO2 sensor based on Bi 2O3 branched SnO 2 nanowires (NWs). SnO2
NWs were ﬁrst synthesized by a vapor-liquid-solid method, were coated with an Au layer, and Bi 2O3 branches
were grown on their stems by the same procedure used for pure Bi powders. The fabricated sensor showed a high
response (R g/R a) of 56.92 to 2 ppm of NO 2 gas at an optimal temperature. Furthermore, its response to other
interfering gases such as ethanol, acetone, toluene, and benzene, was less than 1.55, which demonstrated excellent selectivity of the sensor towards NO2 gas. For comparison and to better understand the sensing mechanism, a pristine SnO 2 NWs sensor was also tested. The superior sensing properties of the branched NW sensor
relative to the pristine sensor were mainly attributed to the high surface area of the sensor resulting from Bi2 O3
branching, as well as the formation of homo-and heterojunctions (Bi 2O 3 -SnO2). In addition, several factors including the presence of Au contributed to the excellent selectivity to NO 2 gas. Based on the results obtained in
this work, we believe that the present sensor with an easy fabrication method, along with its high sensitivity and
selectivity towards NO2 , can be used for the detection of NO2 gas in real applications.

1. Introduction
Currently, approximately half of the world population is living in
urban and industrial areas, where air pollution seriously threatens their
lives as well as the local ecosystem. It is estimated that 5.5 million
deaths per year are a result of the emission of air pollutant gases [1]. In
particular, NO2 is an extremely hazardous gas that is generated during
combustion in factories, motor vehicles, and chemical plants [2,3]. NO2
has an extremely low threshold limit value (TLV) of 3 ppm [4]. NO2
attacks on the human respiratory system can cause airway inﬂammation, pulmonary edema, and death [5 ]. Accordingly, many sensing
materials have been used to detect NO2 [6]; however, most suﬀ er from
poor selectivity. Two common strategies to increase the sensitivity and
selectivity of gas sensors are to increase the surface area by branching
[7] and to form n-n heterojunctions [8]. Branched NWs have very high
surface-to-volume ratios, which can signiﬁcantly enhance their performance. Additionally, they have heterojunctions between the stem
NWs and branches, which induce n-n or n–p heterojunctions, and

⁎

accordingly can further increase the response of the sensor [7,9].
Among the diﬀerent metal-oxides, SnO2 is a very popular material
for NO 2 sensing due to its high stability, high electron mobility, ease of
synthesis methods, low cost, and availability [10]. SnO2 has unique gas
sensing properties, such as a high and reliable response. Nevertheless,
like other metal-oxides, its selectivity is not good. Bi 2O3 is another
important metal-oxide that shows several important properties, such as
a large energy band gap (2.58 eV for β-Bi2O3), high thermal conductivity, and high photoconductivity [11,12]. In the sensing area,
Bi2O3 is rarely used in pristine form [13]. Indeed, the most important
metal-oxides for sensing applications, such as SnO 2 and ZnO, have high
electron mobility and high stability of physical and chemical properties
[14]. The small number of reports about pristine Bi2O 3 can be attributed to the poor sensitivity as a result of low electron mobility, low
stability of properties, and relatively high cost of synthesis.
Accordingly, it is often used in combination with other metal-oxides
[15] or noble metals [16]. However, the number of gas sensing studies
using Bi 2O3 is extremely small compared with other metal-oxides and
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more studies are needed to explore the potential of this important
metal-oxide for sensing studies.
Motivated by papers on the NO2 sensing of Bi2O3 [16] and SnO2
sensors [ 17], in this study, we synthesized Bi2O3 branched SnO2 NWs to
increase the surface area of SnO2 NWs and induce n-n heterojunctions
in SnO2 NWs, which can potentially enhance NO 2 characteristics of the
fabricated sensor. A two-step growth process based on vapor-liquidsolid (VLS) growth was used to synthesize Bi2 O3 branched SnO2 NWs.
They showed better sensing properties relative to the pristine SnO2 NWs
sensor. Gas sensing studies (H2S, ethanol, toluene, benzene, SO2 ,
acetone, and NO2) have demonstrated an excellent selectivity toward
NO2 gas. The enhanced response to NO2 is mainly attributed to the
modulation of resistance in SnO 2-SnO 2/Bi2 O 3-Bi2O3 homojunctions and
SnO 2-Bi2O3 heterojunctions in branched SnO 2 NWs. Good selectivity
towards NO2 is due to the sensing working temperature, lower bond
energy of OeNO, and high electron aﬃnity of NO 2 gas. The present
study demonstrates the good sensing capability of Bi2 O3 branched SnO 2
NWs, which can be extended to other metal-oxide systems.

the Au top layer served as a catalytic layer for selective growth.
For measuring the sensing performances, sensors were placed in a
horizontal-type tube furnace, where they were connected to an electrical measuring system (Keithley 2400) interfaced with a computer.
The responses of the sensors toward H2S, ethanol, toluene, benzene,
SO 2, acetone, and NO2 were studied. The concentrations of target gases
were controlled by changing the mixing ratio of the target gas and dry
air through mass ﬂow controllers, with a total ﬂ ow rate of 500 sccm.
The sensors resistances in the presence of air (Ra ) and the target gas (Rg )
were measured. The sensor response for oxidative gas (NO2 ) was calculated as R = Rg/Ra , and that for reducing gases was calculated as
R = Ra/R g. The response and recovery times were calculated using the
following equations:

Response time = t90%max−tinitial

(1)

Recovery time = t10%max−tmax

(2)

where t90%max is the time when the resistance reached 90% of the
maximum value after introduction of the target gas, tinitial is the time
when the target gas was introduced, t max is the time when the resistance
in the presence of the target gas reaches the maximum value and t 10%
max is the time when the resistance reached 10% of the maximum value
after air was introduced. Fig. 1 (c) and (d) show the schematic representation of gas sensing measurement and the fabricated gas sensor,
respectively.

2. Experimental procedure
2.1. Synthesis of Bi2O3 branched SnO2 NWs
Our approach to synthesizing Bi2 O3 branched SnO2 NWs exploits a
two-step VLS method. For the synthesis of SnO2 NWs, which serve as a
backbone, we followed the procedure described in our previous paper
[18], which uses an Au-catalyzed VLS growth process. As a source
material, pure Sn powder (Sigma-Aldrich-purity: 99.9%) was placed in
a ceramic boat, and inserted into a high temperature furnace. An Au
(approximately 3-nmthick)-coated Si plate was used as the substrate to
grow SnO2 NWs. During the growth of the SnO 2 NWs, the temperature
of the furnace was set to 900 °C for 1 h and a mixture of Ar and O2 gases
(3%O2+97% Ar) with a ﬁxed pressure of 2 Torr was constantly ﬂowed
into the furnace. To fabricate the Bi 2O3 branched SnO2 NWs, a 3 nm-Au
layer was coated again onto as-grown SnO2 NWs because the growth of
Bi2O3 is mainly due to the catalytic eﬀects of Au NPs agglomerated on
the surfaces of SnO2 NWs [19]. For the growth of Bi2O3, as-grown SnO 2
NWs were placed at the end of heating coils (T∼400 °C). Bi powders
(purity: 99.99%, Sigma-Aldrich), which were placed at the high temperature zone of a furnace (650 °C), were evaporated, combined with
oxygen, and grown onto the stems of SnO2 NWs. During the growth
process, a mixture of Ar and O2 gases (3%O 2+97%Ar) was continuously introduced into the furnace. Finally, as-grown Bi2O 3 branched
SnO 2 NWs were annealed at 650 °C for 1 h. Fig. 1 (a) schematically
shows the growth conditions and Fig. 1(b) schematically shows different steps of the synthesis of the Bi 2O 3 branched SnO 2 NWs.

3. Results and discussions
3.1. Structural and morphological studies
To study the phase and crystallinity of the synthesized products,
XRD analysis was performed. Fig. 2(a) shows the XRD pattern of SnO 2
NWs in pristine form. Seven peaks located at 2θ = 26.84, 34.16, 38.24,
39.3, 52.04, 54.96 and 58.14° were observed, which can respectively be
attributed to the (110), (101), (200), (111), (211), (220) and (002)
planes of SnO2 (JCPDS# 41–1445), with a crystal structure of rutile
[20]. No additional peaks related to the Sn in metallic form or other tin
compounds was found, indicating success of the synthesis of SnO2 NWs.
In the XRD pattern of the branched SnO2 NWs (Fig. 2(b)), nine additional peaks located at 2θ = 25.96, 28.2, 30.52,32.02, 32.94, 46.46,
47.14, 54.44 and 55.72° respectively related to the (210), (201), (211),
(002), (220), (222), (400), (203), and (213) planes of β-Bi2O 3 (JCPDS#
27-0050) with a tetragonal crystal structure were observed [21]. The
XRD results revealed that the synthesized bismuth oxide was a pure βBi2O3 phase. Furthermore, the sharp and well-deﬁned peaks in both the
SnO2 and Bi 2O3 phases demonstrated good crystallinity of the synthesized products. Based on the XRD patterns, the co-existence of both
SnO2 and β-Bi 2O 3 phases was con ﬁrmed. However microscopic observations are needed for the study of the morphology of the synthesized products. Fig. 2(c) shows the SEM image of the pristine SnO 2
NWs. The NWs are quite long with a high surface area. The inset of
Fig. 2(c) shows a magniﬁed SEM image, where the nanoscale diameter
of the SnO2 NWs can be easily observed. Fig. 2(d) shows the SEM image
of the branched SnO2 NWs. In comparison to the pristine SnO2 NWs,
some additional branches on the stems of the NWs can be observed,
which are attributed to the Bi 2O3 NWs. The inset of Fig. 2(d) also shows
a magniﬁed SEM image, where nanoscale dimensions of the Bi2O 3
branches are conﬁrmed. These nanoscale Bi2O 3 branches, in addition to
the high surface area, form n-n junctions in the stems of the SnO 2 NWs,
which are beneﬁcial for sensing applications. TEM is a powerful characterization technique to more precisely study the morphology of the
synthesized products. Fig. 3(a) shows the TEM image of one SnO 2 NW,
demonstrating successful branching of the Bi2O3 NWs. It was estimated
that about 28.4% of the SnO2 NW surface was covered by Bi2 O 3 (Fig.
S1, Text S1, Supporting Information). In addition, at the end of the
Bi2O3 branches, Au NPs were observed, which were used as a catalyst

2.2. Materials characterization
X-ray diﬀraction (XRD, Philips X’pert MRD) was used to study the
phase and crystallinity of the synthesized products, using CuKα1 with a
wavelength of λ = 1.5406 Å in the range of 2θ = 20-60°. Scanning
electron microscopy (SEM, JSM-6700, JEOL Ltd., Tokyo, Japan) and
transmission electron microscopy (TEM, JEOL JEM-2010, JEOL Ltd.,
Tokyo, Japan, 200 kV) at an accelerating voltage of 10 kV were employed to study the morphology of the synthesized products. An energy
dispersive X-ray spectrometer (EDAX) in combination with TEM was
used to study the chemical compositions of the prepared products.
2.3. Gas sensing tests
For the sensing experiments, Ti/Ni/Au triple-layer electrodes with
thicknesses of 50, 200, and 500 nm, respectively, were sequentially
sputtered onto the specimens using an interdigital electrode mask. The
Ti layer served as an adhesive layer between sensing materials and Ni
electrode. The Ni layer played the role of an electrode pathway, while
357
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Fig. 1. (a)-(b) Cartoon illustration of diﬀerent steps of the synthesis procedure. (c) schematic representation of gas sensing measurement and (d) fabricated gas
sensor.

for growth of the Bi2O3 NWs. Fig. 3(b) shows the corresponding selective area electron diﬀraction (SAED) pattern, revealing a set of
single-crystal electron diﬀraction spots, demonstrating the single
crystal nature of both SnO2 and Bi2O 3. The spotty dots can be indexed
to the (201) plane of Bi 2O3 and the (110), (101), and (011) planes of
SnO 2. Fig. 3(c) shows a lattice-resolved TEM image taken from the point
indicated by arrow “c” in Fig. 3(a). The lattice fringe spacings are observed to be 0.264 nm and 0.334 nm, corresponding to the (101) and
(110) planes of the rutile structure of SnO2, respectively [22]. Similarly,
Fig. 3(d) shows the lattice-resolved TEM image from the point indicated
by arrow “d” in Fig. 3(a). The spacing between two parallel planes is
0.319 nm, which was indexed as the (201) plane of Bi2O3 [23]. To gain
better insight into the chemical composition, EDAX analyses on

diﬀerent points of the synthesized products were performed. Fig. 3(e)
presents the EDAX spectrum, along with corresponding chemical analysis, taken from the endpoint of a Bi2O 3 NW. As shown, the major
elements were Au, Bi, and O, demonstrating the attachment of Au NPs
to the Bi2O 3 NWs at the endpoints of the branches. Fig. 3(f) shows the
EDAX spectrum, along with corresponding chemical analysis, taken
from the middle of the Bi2 O3 branches. It clearly demonstrates the
purity of the Bi2 O3 branches NWs, as only Bi and O elements were
observed. Finally, Fig. 3 (g) shows the EDAX spectrum, along with
corresponding chemical analysis, taken from the SnO2 NWs, demonstrating the major compound of SnO 2 along with some Bi2 O3 from the
branching procedure. Based on the characterization analyses, we demonstrate the successful synthesis of Bi2O 3 branched SnO 2 NWs with
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Fig. 2. XRD patterns of (a) SnO 2 NWs (b) Bi2O 3 branched SnO2 NWs. SEM micrographs (c) SnO2 NWs (d) Bi2 O 3 branched SnO 2 NWs. Corresponding insets show the
magniﬁed SEM images.

Fig. 3. Results of TEM analyses (a) TEM image (b) corresponding SAED pattern (c) lattice-resolved TEM image of SnO2 NW (d) lattice-resolved TEM image of
branched part.
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Fig. 4. (a)-(g) Dynamic response of SnO 2 and Bi2 O3 branched SnO2 NWs sensors towards 2 ppm of NO 2 gas at diﬀerent temperature (h) plot of response versus the
temperature for SnO 2 and Bi2 O3 branched SnO2 NWs sensors.
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the desired morphology and chemical composition.
3.2. Sensing studies
3.2.1. Optimal sensing working temperature
Inspired by the high surface area and large number of n-n heterojunctions, we tested the synthesized NWs gas sensing. As the operating
temperature is one of the most important factors that determines the
sensing response of sensors, in the ﬁrst step, we performed tests to
determine the optimal sensing working temperature of the sensors. For
this purpose, we exposed both fabricated sensors to 2 ppm of NO2 gas at
diﬀerent temperatures. Fig. 4(a)–(g) show the dynamic response of the
SnO 2 NWs and Bi2O3 branched SnO2 NWs sensors. Except for the
highest temperature, in all temperatures, the response of the branched
SnO 2 NWs sensor was greater than that of the pristine sensor. Fig. 4(h)
summarizes the response of both sensors at diﬀerent temperatures. Both
sensors showed a similar trend, where with the increase in temperature,
the response values increased until reaching a maximum and then
sharply decreasing. Interestingly, both sensors showed a maximum at
250 °C, which is thus the optimal sensing working temperature of both
sensors.
At lower temperatures, there was insuﬃcient energy for eﬀective
adsorption of NO2 on the surfaces of the sensors and the adsorption rate
was much lower than the desorption rate, resulting in a low response.
Similarly, at temperatures greater than the optimal value, even though
there was enough energy for the adsorption of NO2 gas, desorption was
dominant because NO2 molecules escape before reacting with the surface of the sensor or oxygen, resulting in a poor sensor response. At an
optimal temperature, the rate of adsorption was equivalent to the
desorption rate, resulting in a high response [24]. The superior response of the branched SnO2 NWs sensor relative to the pristine sensor
will be discussed in the “sensing mechanism” section.
There is currently no direct evidence to clarify whether the NO2 related reaction is a physisorption or chemisorption process. In semiconductor-type resistive gas sensors, most relevant surface reactions are
chemical in nature. The presence of atmospheric oxygen leads to the
formation of a depletion layer at the surface of metal oxides, including
tin oxide. The equation describing the oxygen chemisorption process is
−
β/2O2 (gas) + αe + S O βS-α [25]. Also, it is generally proposed that
NO2 sensing is due to NO2 chemisorption and the consequent charge
depletion of the sensing material following the reaction NO2 (g) + eNO2 -(ads) [26]. Since the NO2 -sensing mechanism is based on gas adsorption on the nanocrystal surface and the related charge transfer
phenomena, direct correlation between NO2 response and surface
oxygen vacancies could be established. M. Miletic et al. proposed the
chemisorption of NOx species on MgO terraces in terms of electrostatic
and acid/base interactions between the adsorbate and surface [27]. G.
Williams postulated that an increase in resistance in SnO2 by exposure
NO2 was due to the chemisorption of NO2 molecules via capture of
conduction band electrons [28]. In addition, J. Z. Ou et al. proposed
physisorption-based charge transfer in 2D SnS2 in NO 2 sensing [29]. F.F. Hu et al. demonstrated that NO2 gas molecules showed a physisorptive nature in a SnS-based gas sensor [30]. Accordingly, although
there are exceptions, such as SnSx , in most materials including metal
oxides, the NO 2-relevant surface reaction is a chemisorption process.

Fig. 5. (a) Response and (b) recovery times of SnO 2 and Bi 2O 3 branched SnO 2
NWs sensor at diﬀerent temperatures towards 2 ppm NO2 gas.

one exception (100 °C), the branched sensor, follows the same trend.
However, in general, due to faster diﬀusion gases at higher temperatures, the response times decreased with increases in the temperature.
Regarding the recovery times shown in Fig. 5(b) and Table S1, except
for room temperature, the recovery times of the branched sensor were
shorter than that of the pristine sensor at all other temperatures. In
particular, at the optimal temperature of 250 °C, the recovery time
(86 s) was relatively short. High energy and low-energy binding sites on
the surfaces of Bi2O 3 branched SnO2 NWs have been reported [31]. The
low-energy binding sites can be generated via the growth of Bi2O 3
branches, thereby increasing the ratio of the low-energy to high-energy
binding sites. The low-energy binding sites result in a shorter recovery
time and longer response time because the NO2 molecules easily desorb,
but do not readily adsorb. Furthermore, the surface of the Bi 2O 3
branches can preferentially provide low-energy binding response time,
the recovery time was also a temperature-dependent phenomenon.
Thus, owing to the faster diﬀusion of gases at higher temperatures, the
faster desorption of gases occurs from the sensor surfaces and the recovery time decreased in general.
3.2.3. Selectivity
Selectivity, the ability of the sensor to discriminate the target gas of
interest in the presence of other gases, is a serious problem of metaloxide-based gas sensors [ 32]. From a practical point of view, poor selectivity can lead to false alarms, which severely limit a sensor’s practical usage [33]. To evaluate the selectivity of the sensors, they were
exposed to 2 ppm of interfering gases: H2S, ethanol, toluene, benzene,
SO 2 and acetone. Fig. 6(a) shows the dynamic responses of both sensors
towards 2 ppm of the above-mentioned gases at 250 °C, and Fig. 6(b)
shows the selectivity histogram of both sensors. The sensors showed a
much lower response to the interfering gases relative to NO2. We deﬁned the ratio between the response to NO 2 (SNO2 ) to the response to
other gases (S i) (known as the selectivity ratio), as follows:

3.2.2. Response and recovery times
Fig. 5(a) and Table S1 show the response time of both sensors at
diﬀerent temperatures. At temperatures of 25, 50, 100, and 200 °C, the
response time of the branched sensor was longer than that of the
pristine sensor, while at 150 and 300 °C, the response time of the
branched sensor was shorter. Therefore, the response time of the
branched sensor is a complex phenomenon. However, at 250 °C, the
response time to a low concentration of NO2 was acceptable (195 s).
Additionally, for the pristine sensor, with an increase in temperature up
to 200 °C, the response time ﬁrst decreased and then increased. With
361
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Fig. 6. Selectivity pattern of SnO 2 and Bi2 O3 branched SnO2 NWs sensors towards 2 ppm of diﬀerent gases at 250 °C.

Selectivity ratio =

SNO 2
Si

i= interfering gas

reactivity compared to the other tested gases. As shown in Table 1
[34,35], the bond energy of OeNO was 305.0 KJ/mol, which was much
lower than most sensitive gases after NO2 , speciﬁcally ethanol, with a
bond energy of 436.0 KJ/mol. Moreover, due to the unique electrophilic property of NO 2 (2.28 eV [36]), it can capture electrons from the
conductance band to increase the resistance of the sensing materials to
−
produce adsorbed NO 2 (ads). Unlike the other tested gases, NO 2 gas

(3)

The selectivity ratio ranged from 36.96 to 55.26 for a branched
sensor and from 20.48 to 24.51 for a pristine sensor. Therefore, the
selectivity of the branched sensor was much greater than that of the
pristine one. The good selectivity of the branched sensor can be explained by several factors. NO 2 has a smaller bond energy and higher
Table 1
Bond energies of the tested gas molecules.
Gas

C 2 H5OH

C 6H 6

C7H8

SO 2

H 2S

CH3 COCH3

NO 2

Bond
Bond energy (KJ/mol)

H-OCH3
436.8

H-C6 H5
431.0

H-CH2C6H 5
356.0

O-SO
551.4

H-SH
381.0

H–CH 2COCH 3
393.0

O-NO
305.0
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molecules interacted directly with the Sn or Bi ionic sites. As an example, considering the SnO2 surfaces, NO2 gas was adsorbed on the
surfaces of partially reduced Sn+4 , according to the following reactions
[37]:

NO2 + Sn+2 ⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯→ (Sn+3− NO2−) .
adsorption

(4)

NO2 gas molecules adsorbed to the SnO2 sensor surface and attacked
available Sn sites and form NO2− species by taking away electrons from
the conduction band of SnO 2, leading to an increased response to NO 2
relative to other gases.
Another possibility for NO 2 selectivity, as reported by Mun et al.
[38], is the fact that the NO2 gas can spill over to the Bi2 O3 surface via
Au NPs, and the chemisorption and dissociation of NO 2 gas is enhanced
on the Au NP surface due to the high catalytic or conductive nature of
Au. Even though Au can be a good catalyst for the other tested gases, Au
was not very catalytic towards other gases at this particular temperature, based on the comparison between the response to the reducing
gases in both pristine and branched sensors. However, as the amount of
Au was very low in the present study, Au did not have a signi ﬁcant
eﬀect on the selectivity of the sensor towards NO2 . Furthermore, the
temperature has an important role in the selectivity of sensors. In fact,
the adsorption, diﬀusion, and surface reaction rate between target gases
and the sensor can be strongly inﬂuenced by the operating temperature,
which further aﬀects the sensor response [39].

Fig. 8. Eﬀect of humidity on the response of Bi2O 3-branched SnO2 NWs sensor.
Table 2
Comparison of the NO 2 sensing characteristics of some SnO 2 -based sensors reported in the literature with the present sensor.

3.2.4. Long-term stability and repeatability
As shown in Fig. 7 (a), long-term stability of the gas sensor was
measured. After 1 year, the response was reduced by 34.5%. This decrease of might be due to adsorption of water molecules, which are
commonly present in air, and change of surface states by adsorption of
−OH groups. Fig. 7 (b) shows repeatability of the sensor response,
where the variations in sensor signal are negligible. The response to
2 ppm NO2 in three consecutive cycles was 55.6, 58.4, and 57.9, respectively, demonstrating excellent repeatability.
3.2.5. E ect of humidity
Fig. 8 shows the eﬀect of humidity (0–87.7 %RH) on the sensing
response of the gas sensor. When there is no humidity, the response is
maximum (100%). However, with increase of the RH to 18.1, 35.1,
47.6, 67.1, and 87.7%, the response decreases to 86.7, 82.3, 81.6, 67.8,
and 61.1% of its initial response, respectively. In the presence of humidity, the water molecules are adsorbed on the surface of the sensor,
preventing chemisorption of oxygen species and target gas species.
Thus, the adsorption sites for NO2 gas decrease, and the NO2 gas molecules have a smaller chance of attracting electrons from the surfaces
of the sensor. Accordingly, a lower sensor response will be obtained

Sensor

Conc.
(ppm)

Optimal
T(°C)

Response
(Rg /Ra )

Year

Ref.

Bi2O3 branched SnO2
NWs
SnO 2-SnS2
n-SnO2 -p- Co 3O4
SnO 2/polyaniline
Ag NPs- SnO2 NPsreduced graphene
oxide
SnO 2 nanobelts
Co decorated ZnO
branched SnO2
NWs
SnO 2-rGO
SnO 2-core/In2O3 -shell
Pt/ZnO/g-C 3N4

2

250

56.92

2017

8
10
10
500

80
300
140
25

5.3
3.7
5
8.5

2017
2017
2016
2016

Present
work
[41]
[42]
[43]
[44]

50
10

200
250

60
7

2015
2015

[45]
[31]

5
10
10

50
300
150

3.31
5.35
53

2014
2012
2018

[46]
[47]
[48]

relative to the case of no humidity [40].
3.2.6. Comparison with other works
Table 2 compares the NO2 sensitivity of some SnO2 based gas sensors in recent years with the present study. Diﬀerent SnO2 based gas
sensors, such as p-n heterojunctions, nanocomposites with polymers
and graphene, core-shells and decorated SnO 2 sensors, are shown in the
Table 2 [41–48]. Compared to the sensors, the present sensor showed
good sensitivity towards very low concentrations of NO 2 gas.

Fig. 7. (a) Long-term stability of Bi2 O3 branched SnO2 NWs gas sensor (one-year duration). (b) Repeatability test. In both cases, the concentration of NO2 gas is set to
2 ppm and the sensing working temperature is 250 °C.
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the NO2 gas molecules were easily adsorbed to the active sites of the
SnO2 NWs and further trapped electrons from the surface of the SnO 2
NWs. Therefore, the concentration of electrons in the SnO2 NWs again
decreased, resulting in a further increase in the width of the electron
depletion layer and suppression of the conduction channel along the
SnO2 NWs (Fig. 9(b)). The adsorption of NO2 gas on the surface of
pristine SnO2 NWs can occur according to the following chemical reactions [51].

3.2.7. Gas sensing mechanism
The sensing mechanisms of metal-oxide based gas sensors are based
on changes in the resistance in air and in the presence of the target
gases. The adsorption and desorption of the target gas molecules on the
surface of sensing materials can eﬀectively cause a change of resistance.
This is the basic working principle of the oxide semiconductor sensors
[49]. SnO2 is a nonstoichiometric oxide with oxygen vacancies; when
the pristine SnO2 NWs were exposed to air at a high temperature,
oxygen molecules were adsorbed on the SnO2 surface with abstract
electrons to form oxygen ions species (O2−, O2−, or O−), causing the
formation of depletion layers in the SnO2 surface. The reaction kinetics
can be explained by the following reactions [50].

O2(gas) → O 2(ads)

(5)

O2(ads ) + e = O 2(−ads )

(6)

−
O2(
ads )

(7)

+e=

2O −
(ads )

−
O(−ads) + e = O (2ads
)

NO2 (g ) + e− ⎯⎯⎯⎯⎯→ NO2− (ads )
250

250

NO2 (g ) + O2(−ads ) ⎯⎯⎯⎯⎯→ NO2− (ads ) + 2O(−ads )
250 °C

2−
−
−
NO2 (gas ) + (O−
(ads ) + e ⎯⎯⎯⎯⎯→ N2(ads ) + O(ads )

(9)

(10)

(11)

Furthermore, nitride complexes NO −
3.ads , in diﬀerent forms (unidendate, bidentate chelating or bridging groups) can be produced as a
result of the reaction between NO2 with O−
ads ions on the surfaces of
partially reduced Sn2+ cations as follows [52] (relations 11 (a)–(c),
respectively).

(8)

As a result, the formation of the depletion layer decreased the carrier concentration of the sensor and led to an increase in resistance of
the sensor (Fig. 9(a)). When pristine SnO2 NWs were exposed to NO 2 ,

Fig. 9. Change in depletion layer width and potential barrier of pristine SnO2 in presence of (a) air (b) NO 2. (c) Change in potential barriers in SnO 2-SnO 2
homojunctions upon exposure to air and NO2.
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Sn3+ − ⎛ Oads − N O⎞
O⎠
⎝
NO2( g) + (Sn 2+ −

R = R 0 exp (qφ/ kT ) .

−

Unidendate nitrato

−
Oads
)

O
→ Sn +3 < ⎛ ads N − O⎞
⎝ O
⎠

Here, R 0 is a constant related to ambient temperature, φ is the heterojunction barrier, k Boltzmann’s constant and T is the absolute temperature. Surface reactions with NO2 gas resulted in an increase in the
height of the barrier potential. Consequently, the conductivity of the
sensor will be greatly decreased even if the barrier height only has a
small change (in the presence of NO 2), which leads to a high response.
Furthermore, in the interface between Bi2 O3 and SnO2 , some dangling bonds were introduced by heterojunction formation as a result of
lattice mismatch between them. The amount of dangling bonds is in
proportion to the lattice mismatch ( ) that is deﬁned as follows [39]:

Bidentate chelating nitrato
−

−

Sn3+ − ⎛OadsN O ⎞
−
Sn2+ − ⎝ O
⎠

(12)

Bidentate bridging group nitrato

−
When NO2 gas ﬂow was stopped, adsorbed NO2(
ads) were desorbed
as NO gas and the trapped electrons were released to the sensing layer,
leading to a decrease in the depletion layer width and resistance.
Furthermore, many SnO2 homojunctions existed in the SnO2 NWs
sensor. In air, oxygen molecules diﬀused, covered the homojunctions,
extracted electrons from the surfaces of homojunctions and formed
potential barriers between the adjacent NWs, which restricted the ﬂow
of electrons through the homojunctions. During exposure to NO2, the
NO2 molecules interacted with chemisorbed oxygen species or directly
with the surfaces of SnO2 and captured more electrons from the
homojunction areas. Thus, the height of the potential barrier established at the contact points was increased, resulting in resistance
modulation at the SnO2 -SnO2 homojunctions [8]. Fig. 9(c) schematically shows this type of modulation.
In a branched sensor, there are diﬀerent types of resistance modulation: (1) resistance modulation of SnO2 NWs when they are exposed
to air and NO 2, (2) resistance modulation of Bi 2O3 NWs when they are
exposed to air and NO 2, (3) resistance modulation in SnO 2-SnO 2
homojunctions and Bi2O 3-Bi2 O3 homojunctions, and (4) resistance
modulation in the heterojunctions.
To examine the sensing mechanisms precisely, we needed to determine the structures of the sensing structures in more detail. SEM and
TEM investigations revealed that the SnO2 surface had been exposed to
ambient, in spite of crowded Bi 2O3 branches. As shown in Fig. 1(b), the
neighboring Bi2O3 branches were disconnected on the SnO2 surface.
Accordingly, it was surmised that the main current in sensing devices
will ﬂow through the SnO2 NWs. As we already explained items (1)-(3),
herein we explain the role of heterojunctions in the branched NWs
sensor. β-Bi2O3 is an n-type semiconductor [14,15] and due to the
diﬀerence between the work functions of SnO2 (4.9 eV [8], 4.0– 5.7 eV
[S1–S15]) and β-Bi2O 3 (6.23 eV [53]) (Fig. 10(a)), when they are in
contact, electrons ﬂow from SnO2 to B2O 3 in order to equate the Fermi
levels. Such phenomena also have been reported for other n-n heterojunctions [54] and p-n heterojunctions [55]. As a result, electron depletion layers and electron accumulation layers will be created at the
SnO2 - and Bi 2O 3-sides of the heterointerfaces, respectively, as shown in
Fig. 10(b). This will contribute to the enhancement of the sensing behavior, because the initial smaller volume of the conducting region in
SnO2 will result in a higher sensitivity. The built-in–potential at the
interface between Bi2 O3 and SnO2 is equal to the diﬀerence between
respective work functions. When NO2 gas becomes adsorbed on SnO2
surface, electrons will be extracted from the surface and the Fermi level
of SnO2 will be lowered (Fig. 10(c)). The lowering of the Fermi level of
SnO2 will result in the smaller barrier (built-in potential) at the heterojunctions. This will facilitate electron loss from the SnO2 regions,
contributing to the sensor enhancement by further decreasing the
conducting volume in SnO2 . Therefore, it is possible that the electrical
current across the Bi 2O 3-SnO2 heterointerfaces will provide an additional modulation of the resistance.
When the sensor was exposed to NO2, NO 2 molecules captured
electrons from the conductions bands of SnO2 , increasing the width of
the depletion layer at the interference between two materials. As a
result of this modulation in the heterojunction, a response can be observed. Stated diﬀerently, according to semiconductor theory, dependency of the heterojunction barrier to the resistance can be expressed as follows [56]:

δ=

2( a1− a2)
a1 > a2
(a1 + a 2)

(13)

Here, a 1 and a 2 are the lattice constants of two diﬀerent semiconductors. The lattice constants of SnO2 are a = 4.75 Å b = 5.72 Å
[57] and Bi2O3 are a = 7.74 Å and c = 5.63 Å [58]. Therefore, it is
likely that some dangling bonds formed in the interfaces between SnO 2
and Bi 2O3, resulting in more adsorption of NO2 leading to a higher
response. At the same time, it is possible that the resistance changed
due to the generation of structural defects, including oxygen vacancies.
The generation of Bi 2O 3 branches requires thermal annealing at 650 °C,
which may increase the amount of vacancy defects [31]. Finally, a
signiﬁcant increase in surface area can be achieved by the growth of
Bi2O3 branches, which can eﬀectively increase the amount of adsorption sites for gas molecules, thereby increasing the sensor response.
In addition, due to the use of Au for catalytic growth of NWs, as
shown in Fig. 3(e), there was some Au in contact with the Bi2 O3 .
However, since Bi2O3 branches were disconnected and did not signiﬁcantly aﬀect the sensing currents ﬂ owing through the SnO 2 NWs,
the eﬀects of Au/Bi2O 3 heterointerfaces were limited. With respect to
the Au/SnO 2 heterointerfaces, the work function ( ) of Au is 5.1 eV
[59], 4.9–5.4 eV [S16-S29], and the work function of SnO 2 is 4.0–5.7 eV
[S1-S15]. Accordingly, there are two possibilities. When the work
function of Au is greater than that of SnO2, electrons will be transferred
from SnO2 to Au (Fig. 11(a)). The electron transfer will generate an
electron accumulation region and an electron depletion region at the
Au- and SnO2-sides of the heterojunctions, respectively. This will contribute to the enhanced sensing behavior because the initial smaller
volume of the conducting region in SnO2 will turn out to be a higher
sensitivity. As a result of the charge transfer, a potential barrier will be
formed at the SnO2-Au heterointerfaces along with the bending of the
energy levels. When NO2 gas becomes adsorbed to the SnO2 surface,
electrons will be extracted from the surface and the Fermi level of SnO 2
will be lowered. The reduction in the Fermi level of SnO2 will result in a
smaller barrier (built-in potential) at the heterojunctions. This will facilitate electron loss from the SnO2 regions, contributing to the sensor
enhancement by further decreasing the conducting volume in SnO2 .
Alternatively, when the work function of Au is smaller than that of
SnO2, electrons will be transferred from Au to SnO2, which will not
contribute to the enhanced sensing behavior because the initial larger
volume of the conducting region in SnO2 will be a lower sensitivity.
Furthermore, the exposed region of the SnO 2 surface is relatively small
and the eﬀects of the SnO2-Au heterointerfaces will be limited.
In addition, Au can act as a chemical sensitizer. In the chemical
mechanism, the Au catalytically activates the dissociation of molecular
oxygen, and oxygen is ﬁrstly adsorbed to the Au and moved to the
surface of the metal-oxide in a so-called spill-over process (Fig. S2,
Supplementary Information) [ 60]. However, as the amount of Au was
very low in the present study (virtually not detected by XRD), this type
of interface did not have an important role in the ﬁnal response of the
sensor.
We also prepared a Au-decorated SnO2 NWs gas sensor and obtained
its response to 2 ppm NO2 gas at 250 °C, as shown in Fig. S3
(Supplementary Information). The order of responses was as follows:
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Fig. 10. Band diagrams of SnO2 /Bi2 O3 heterointerfaces (a) before contact, (b) after contact in air, and (c) after contact in NO2 .

Bi2O3 branched SnO2 NWs > Au-decorated SnO2 NWs > pristine
SnO2 NWs. The higher response of the Bi 2O3 branched SnO 2 NWs is due
to the presence of not only Au/metal oxide heterojunctions, but also
Bi2O3 branched SnO 2 NW n-n heterojunctions, leading to higher response to NO2 gas relative to other fabricated gas sensors.
It is noteworthy that, in the sensing mechanism, the role of the
electrodes was not considered, even though they had a diﬀerent work
function from the sensing material. Indeed, Montmeat et al. [61]

discussed that, even though there is a depletion layer in a region near
the electrodes, especially at the three-boundary point of the electrode,
metal oxide, and gas, its contribution to the overall sensing mechanism
is negligible in comparison with other eﬀects.
Similar to branched NWs, hierarchical nanostructures also have
great potential for sensing studies. For example Pan et al. [62], demonstrated higher NO 2 sensitivity of hierarchical nanostructures compared to their nanobelt counterparts. Through device simulation, they
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suggested that the teeth of a hierarchical structure could serve as a
“negative-potential gate” after accumulating electrons captured by
surface-adsorbed NO2 molecules. This self-gating eﬀect eventually resulted in a greater reduction of hierarchical structure device channel
conductance upon NO 2 exposure compared to a nanobelt device, which
led to a much higher NO2 detection sensitivity.
In this study, we obtained very high sensitivity toward NO 2 gas for
Bi2O3 branched SnO2 NWs. Even though the literature reports high
sensitivity gas sensors based on SnO2/ZnO [ 63], the present results are
much better than most previous results. We know that the response of
gas sensors strongly depends on number of heterojunctions, sensing
temperature, diameter of NWs, and Debye length of the sensing materials. It seems that the present system has a good combination of these
parameters, leading to high response to NO2 gas relative to other studied systems.
4. Conclusions
In summary, we successfully synthesized Bi2 O3 branched SnO 2 NW
heterostructures via a VLS growth process using Au catalysts. Diﬀerent
characterization techniques conﬁrmed the formation of branched NWs
with a desired morphology and composition. Gas sensing studies
showed that they had a high sensitivity and selectivity towards NO2 gas
in the presence of interfering gases, such as benzene and toluene.
Furthermore, the sensors showed superior sensing properties relative to
the pristine SnO2 NWs sensor. The enhanced response to NO2 was
mainly attributed to the modulation of resistance in homojunctions and
heterojunctions in branched SnO 2 NWs. In addition, not only dangling
bonds in the heterojunctions but also maximized surface area enhanced
the gas adsorption in the branched NWs sensor. The sensing working
temperature, lower bond energy of OeNO relative to the other gases,
presence of Au, and high electron aﬃnity of NO 2 gas are expected to
contribute to the excellent selectivity to NO2 gas. The present study
demonstrated good potential of branched NWs for gas sensing applications, which can be fabricated in a simple way, together with ﬂexibility in the choice of sensing materials.
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